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ultrasonic- Velocity  Measurements  Uj  Water  at 
Pressures  to  10,000  kq/cr.^ 

Gerald  Holton,  Department  of  Physics 
Harvard  University,  Cambridge,  Massachusetts  02133 


ABSTRACT 

Measurements  of  the  velocity  of  ultrasonic  pulses 
in  water  are  presented  for  pressures  up  to  about  10,000 
Jcc/cnT  and  for  temperatures  up  to  80  *C.  Coefficients 
obtained  from  least-squares  polynomial  fittings  of  the 
data  are  also  given,  together  with  an  analysis  of  the 
reliability  and  reproducibility  of  the  experimental  results. 


June  23,  1967 


•This  publication  is  largely  based  on  an  invited  paper  pre¬ 
sented  before  the  Acoustical  Society  on  1  June  1966  (J.A.S.A, 
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li  a  few  laboratories  the  experiments  have  been 

extended  to  encospass  pressures  higher  than  atmospheric, 

adding  this  dimension  to  the  sore  usual  variables  such 

as  temperature  an d  frequency;  in  some  cases  there  is  an 

easily  observed  change  of  relaxation  frequency  with  pressure 

in  the  tens  of  megacycles  per  second  per  thousand  atmospheres 

of  pressure.  Ir>  other  cases,  increasing  pressure  changes 

tie  attenuation  sufficiently  to  sake  it  possible  to  test 

certain  me  dels  of  the  liquid  state  that  were  based  on  data 
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for  attenuation  at  atmospheric  pressure.  As  to  velocity 

‘E.j.,  by  Litovits  and  Camevaie  U-A.S.A.  13,  134  (1958)] 
who  have  been  able  to  relate  the  relaxational  frequency 
and  the  type  of  liquids. 


i 


measurements  at  different  pressures,  they  have  been  used 
for  improving  the  accuracy  of  P-V-T  data  and  the  derivation 
of  thermodynamic  coefficients  for  determining  the  nonlinearity 
coefficient  B/A  ,  for  dealing  with  structure  problems  through 
reservations  of  dispersion  or  of  changes  of  the  teaqperature 
cc-ef  ficient  of  sound  velocity;  etc.  In  this  way,  the 

~K  ?.  Hageiberg,  G.  Holton  and  S'.  Kao,  J.A.S.A.,  41,  564-547 

' t  . 

—  '  "  5  / 
expert  cental  results  become  of  interest  for  work  on  the 

theory  *?f  the  liquid  state.  As  H.  Byring  has  said,4  "There 


a 
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4In  T.  J.  Hughel,  edit..  Liquids,  Structure,  Properties,  Solid 
Interactions ,  Elsevier  Publishing  Company,  1955,  p-  141- 

&re  two  quite  different  approaches  to  a  theory  cf  the  liquid  state 
which  in  fact  complement  each  other.  In  the  defective  approach 
one  proceeds  as  far  as  possible  strictly  rathertitically,  and 
rnneu  the  complications  cause  this  logical  procedure  to  bog  down, 

one  resorts  to  some  core  or  less  defensible  assumption - 

in  the  other  approach  one  struggles  to  find  a  physical  node! 
of  the  liquid  state  which  is  as  faithful  to  reality  as  can  be 
devised  and  yet  be  solvable,"  For  both  approaches  the.  necessary 
herd  data  are  often  in  short  supply.  This  is  particularly-  the 
case  for  measurement  results  at  extreme  conditions  such  as  these 
of  high  pressure,  results  that  any  node!  of  the  liquid  state 
either  uust  pass  as  a  test,  or  must  build  on  when  the  parameters 
are  chosen  in  the  first  place.5 

^Davies  and  Lamb  (Froc.Phys.Soc.  73,  767  [1959]},  for  example, 
attempt  to  develop  a  two-state  theory  for  trie  thy  lastine,  but 
having  available  only  data  at  a  single  temperature  for  a  pres3ura 
run  of  limited  range,  they  conclude  that  the  lack,  of  data  "makes 
it  impossible  to  test  the  theory".  Repeatedly  they  stress  the 
need  for  further  experimental  work  at  high  pressures,  and 
they  end  their  paper  with  the  remark,  "It  seems  important 
to  us  that  the  questions  raised  here  should  be  settlecl, 
and  in  particular  that  further  experimental  work  should  be 
aimed  at  a  systematic  study  under  conditions 


of  variable  pressure  and  temperature. 


Nevertheless,  despite  the  usefulness  cf  velocity  and 
attenuation  data  in  liquids  under  pressure,  only  relatively 
few  researchers  have  systematically  exploited  this  field 
since  1536  when  Bicquard  measured  attenuation  in  toluene 
very  roughly  to  1,000  atmospheres .  In  the  whole  world 
literature,  only  about  two  dozen  authors  nave  published 
results  on  the  velocity  of  ultrasonic  waves  at  high  pressure 
in  any  liquid,  and  fewer  still  on  attenuation-  Moreover, 
the  pressures  used  so  far,  with  very  few  exceptions,  have 
been  in  the  range  to  2,000  atmospheres  or  less,  where  the 
experimental  difficulties  inherent  in  high-pressure  work 
tend  to  be core  excessively  noticeable,  owing  to  the  fact 
that,  for  example,  the  available  sample  specs  becomes  quite 
small  ir.  high-pressure  vessels. 

2.  Apparatus .  Our  method  for  ultrasonic  velocity  measurement 

is  an  extension  of  the  pulse-echo  method  originally  adapted 

by  the  author  in  P.W=a  Bridgman's  laboratory  for  measurements 

2  6 

or.  liquids  to  about  6,000  kg /cm  .  This  paper  summarizes  more 

6G.  Hoiton,  "Ultrasonic  Propagation  in  Liquids  under  High 
Pressures",  Technical  Memorandum  No.  3,,  ONR  Report  NR-014-903, 
Acoustics  Research  Laboratory?.  Harvard  University,  (1948) ; 
also  J.Appl.Phys.  £2,  1407  (1951). 


recently  developed  methods'  ahd  new  data,  largely  made  possible 
by  equipment  that  has  become  available  since  that  period. 


A  block  diagram  or  the  apparatus  is  shown  in  Fig.  1. 

The  pulsed  oscillator  (Arenberg  Laboratories  Type  PG-55G-C) 
and  the  sweep  delay  generator  cf  the  oscilloscope  {Tektronix 
565A)  are  s i rr.u it  anc-  cu  s  iy  triggered  by  a  .pulse  from  the  time- 
mark.  generator  (Tektronix  Type  131) .  The  oscilloscope  has 
a  dual  channel  plug-in  unit  ore-rated  on  the  alternate  mode. 

The  echoes  produced  by  eacr.  pul  re  on  being  reflected  sack 
and  forth  in  chamber  containing  the  liquid  sample  under  test 
are  displayed  on  one  channel,  a  timing  comb  from  the  time- 
mark  generator  on  the  other.  Tne  two  channels  are  synchronized 
and  hence  the  interval  between  echoes  car,  be  interpolated 
between  time  marks  to  a  precision  of  O.lu  sec.  The  wideband 
amplifier  and  attenuator  are  also  che  Arenberg  Laboratories 
units  (WA-600-S  and  Arenberg  Laboratories  Attenuator) . 

The  pressure  system  consists  of  the  steel  container 
with  an  internal  chamber  about  8  inches  long  by  0.5  inch 
diameter.  It  is  within  this  small  space  that  the  experimental 
sample,  transducer,  mirror,  containing  cartridge,  sy iphone, 
etc.  must  be  located.  A  schematic  diagram  of  one  of  the 
various  cartridges  in  use  is  shown  in  Fig.  2. 

The  pressure  is  generated  in  a  two-stage  system,  a  priming 

pump  for  the  first  2500  Kg/cn/,  and  a  hydraulic  ram  to  about 

10,000  kg/car.  The  pressure  in  the  chamber  is  measured 

with  a  manganin  gauge  which=  is  in  one  arm  of  a  Carey- 

Foster  bridge.  The  gauge  is  calibrated  against  the  known 
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freezing  pressure  of  mercury  at  0°C,  namely  7718.5  kg/cm~. 


(caption)  Figure  2-  Cartridge  Assembly. 

K  syiphonc  bellows  fits  or.  top  and  transmits  the  ambler, 
pressure  to  the  liquid  sample  in  the  cartridge. 


V  S.  Cacson  and  E.  G.  P.  Grtic,.  Entuti  J.  Appl.  Physics 
it.,  :?ii  ,:s63}. 

TLe  j.recisicr.  of  a  pressure  xeisurcract  iu  H  fcq/cs*. 

s\ 

The  velocity  ati.surewr.ts  are  typically  hade  at  a 
rrwr*«cy  c£  about  13  Miz  usir/j  an  X-cut  quartz  crystal 
driwa  at  its  fundaraental  frequency.  In  the  cartridge 
design  sr»a»n  in  Fig.  2,  the  crystal  is  held  against  the 
stainless  steel  spacer  by  a  strong  spring;  the  latter  fits 
against  the  neoprene  hacking  cf  the  stainless -steel  electrode 
ir;  tick  if  the  crystal. 

A  sciar  cf  stairless  steel  spacers  car.  be  interposed 
wjtveen  crystal  and  carror,  ranging  in  length  to  4.2  era. 

This  ier,ctli  rs  Urited  by  the  space  available  in  the  pressure 
i-.u'i.ar.  “Ihe  ends  cf  the  spacers  are  ground  flat  and  parallel 
to  viiz'c.ir  £..*3301  Lr..  The  stainless  steel  mirror  is  held 
a-zainst  the  end  opposite  the  r  transducer  by  a  strong  spring 
and  retaining  ring.  The  back  of  the  mirror  is  beveled  to 
reduce  interference  by  sound  reflected  from  the  back  of  the 
mirror.  The  cartridge  is  closed  off  from  the  pressure  trans¬ 
mitting  liquid  ~t  the  shoulder  in  the  cartridge  by  a  bellows 
at  the  mirror  end.  This  bellows  transmits  the  pressure  from 
the  pressure;  chamber  to  the  test  liquid. 

The  clamping  of  the  crystal  is  critical;  the  stiffness 
of  the  spring  and  the  thickness  of  the  neoprene  backing 
markedly  affect  the  echo  pattern.  Since  neoprene  is  attacked 
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by  many  of  the  liquids  that  have  been  investigated  with 
this  equipment.,  an  alternative  backing  consisting  of  a  few 
layers  of  0.010  inch  teflor.  discs  has  beer,  used  in  those 
cases . 

3.  Measurement  Procedure.  In  a  typical  run.,  the  cartridge 

is  filled  with:  double  distilled  water  at  room  terser  a  tere 

and  atmospheric  pressure.  The  liquid  nc-d  not  be  degassed 

since  all  available  work  indicates  any  effect  of  dissolved 

gas  on  the  sound  velocity  to  bd  much  below  the  accuracy  of 

our  measurements.  The  cartridge  is  then  piaceo  in  the 

pressure  chamber,,  and  is  allcwed  to  remain  at  a  pressure  of 

2 

about  20Q0  kg./cm  for  some  time  to  season  the  assembly,, 
i.e.  to  make  it  more  likely  that  any  minor  repositioning 
of  components  occur  before  the  run  is  begun  rather  than 

-  -  j 

/ 

during  a  dsta-taking  run. 

In  taking  the  data,  the  time-mat-*.  generator  is  used 
to  calibrate  the  oscilloscope  directly.  Since  triggering 
is  accomplished  by  a  pulse  from  the  same  time-mark  generator 
which  is  displayed  in  one  channel  of  the  CRO,  both  the 
sweep  delay  and  the  sweep  itself  may  be  calibrated.  The 
initial  rise  of  the  first  echo  is  positioned  between  two 
time  marks  lOysec  apart,  and  the  time  of  its  initial  rise 
may  be  determined  to  within  0.1  ysec.  This  process  is 
repeated  until,  say,  ten  echo  intervals  have  been  determined. 
The  total  time  for  ten  echoes  being  typically  300-500ysec  for 
the  range  of  temperatures  and  pressures  used  and  with  the 
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longest  spacer,  and  since  the  least  count  is  0-1  vse c,, 
the  precision  of  the  tinting  procedure  is  better  than  0.C3 
per  cent.  The  time  readings  arc:  reproducible  to  the  least 
count,  i.e.  0.1  usee.  - 

The  sound  velocity  is  calculated,  from  the  average  time 
per  echo  and  the  Known  spacer  length0,  corrected  for  the  - 
pressure  and  temperature  of  the  experiments . ;  Tne  precision 
of  the  calculated  sound  velocities  is  then  approximately  0.04 
per  cent.  The  accuracy  of  the  velocity  determinations  is 
not  quite  that. good;  the  agreement  between  velocity  values  .  5 
so  obtained- at  1  atm  with  corresponding  published  absolute 
values  obtained  by  very  elaborate  methods  (e.g.  at  the 

c  "  *  6/- 

National  Dureau  of  Standards  and  the  Naval  Ordnance  Laboratory): 
is  found  to  be  approximately  0.1  per  cent.  •  Also,  our  own 
results  are  reproducible  to  within  0.1  per  cent*  Therefore 

i  . 

the  relative  accuracy  of  the  measured  sound  velocity  is 
conservatively  taken  to  be  0.2  per  cent  in  this  report. 
Consequently,  seme  of  the  numerous  sources  of  error  in  this 
kind  of  work  have  been  neglected,  since  they  appear  to  be 
at  least  an  order  of  magnitude  smaller. 

4 Velocity  Data  for  Water.  Our  data  on  the  velocity  of 
ultrasonic  pulses  in  the  15  MHz  range  in  distilled  water* 
to  die  accuracy  cited  above,  are  presented  in  Tables  I  and  II 
and  in  Figures  3  and  4.  Table  I  details  values  for  two  typical 
runs  at  the  same  temperature.  These  runs  were  not  made 
consecutively,  but  were  separated  by  more  than  a  year;  the 
agreement  is  gratifying. 


Velocity  Data  for  Water  at  SO*G 
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(caption)  rigure  3. 

Graph  of  reaults  for  velocities  at  aix  teaperatures . 
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:Kditpr:  Always  print  the  captions. 

Figure  4.  Comparison  with  two  other  published  sets  of 
data:  A.  HV  Smith  and  A.W.  Lawson,  and  W.  'Wilson. 
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In  order  to  present  the  data  for  all  temperatures  and 
pressures  in  a,  more  concise  torn,  we  used  the  IBM  7G94  to* 
fit  all  data  for  constant  temperatures  to  a  fourth  degree 
polynomial  in  pressure,  and  determined  the  coefficients 
using  a  least  squares  program.  Ko  weight  factors  are  used 
in  the  least  squares  fit;  therefore  if  the  quantity  being 
fitted  (velocity)  varies  greatly  over  the  measured  pressure  - 
range,  the  fit  will  implicitly  weight  the  high  end  more 
heavily.  Evidently  in  varying  the  parameters  to  determine 
a  minimum  for  the  sura  of  squares  of  deviations  of  calculated 
from  observed  values,  the  program  can  allow  a  larger  percentage 
deviation  at  the  low  end  than  at  the  high  end  in  producing 
a  given  variation  in  the  sum  of  squares.  To  avoid  getting 
such  a  weighting  toward  the  high  end,  we  have  required  the 

i 

velocity  at  atmospheric  pressure  and  at  each  temperature  to 
be  he.lci  constant  to  a  previously  measured,  well-known,  published 

8 

absolute  value.  For  water  we  chose  M.  Greenspan’ s  and  C.E.Tschiegg.'s 

values;  _ _ - _ . _ 

8H. Greenspan  and  C.E.Tschiegg,  J.A.S.A;,  31,  75-76(1959).  To 
the  level  of  accuracy  in  our  experiment,  we  could  equally  well 
have  used  the  data  of  W.  D.  Wilson  [J.A.S.A.  31,1070,  (19.59)  ]  ♦ 

they  give  the  velocity  (in  m/sec)  at  1  atm  in  terms 

of  the  temperature  7  (in  °C)  as  follows: 

C_  =  1402.736  +  5.03358. T  -  0.0.579506  T2  +  (3.31636  x  10~4)T3  - 
G 

-  (1.45262  x  1Q“°]T4  +  [  3 . 0  4’4  9  x  10~9JT5 
Our  functional  form  for  velocity  v  -which  was  used  in  the 
fit  is.: 

v  =  CG  +  B  ( 1)  P  +  B{2)p2  +  B  { 3)  P3  +  B(4)P4  (Eg.  1) 


To  keep  within  the  0.2%  limit  of  accuracy,  Eq.  (1)  must  of 
course  not  be  used  beyond  pressures  for  which  reliable 
measurements  were  available  for  the  computation  of  the  co¬ 
efficients  in  Table  II.  Hence  the  highest  pressures  to  be 

o  2 

used  in  Eq.{i}.  ere  10, GOG  kg/cnT  for  50,  50,  and  7Q*C*  80G0  kg/cm 

2 

for  30  and  40#C,  and  6000  kg/cm  for  Q*C.  {The  freezing  pressure 

2 

for  water  is  about  $500  kg/cm  at  Q*C> 

S 

according  to  Bridgman.  ) 

g 

P.  W.  Bridgman,  Collected  Experimental  Papers,  1,  559, 

Harvard  University  Press  (1964)  . 


Table  II  lists  the  number  of  data  points  used  in  the  fit, 
the  average  absolute  percent  deviation,  the  root  mean  square 
deviation,  the  maximum  percent  deviation,  and  the  values  of 
the  coefficients  in  Eq.  (1) . 

5.  Tests  for  Reproducibility.  We  used  the  coefficients  in 
Table  II  to  test  the  reproducibility  of  our  measurements. 

Since  the  maximum  percent  deviation  between  the  polynomial 
fittings  fpr  any  two  runs  can  be  calculated  to  be  under  0.15 
per  cent  over  the  usable  pressure  range,  we  have  combined-  the 
two  sets  of  data  shown  in  Table  II  for  40,  50,  60,  and  80*C’  to 
produce  a  single  fitted  curve  for  each  temperature,  and  we 
used  the  resulting  coefficients  to  calculate  round  pressure 
velocities.  Table  III  displays  the  coefficients  and  r.m.s. 
deviations  associated  with  the  a  e-  4  th  degree  polynomial  fits, 
and  Table  IV  gives  the  interpolated  values  for  velocities  at 
sound  pressures.  As  is  suggested,  in  part,  by  the  lower  r^m.s. 


Table  III 


Velocity  Interpolation  at  Round  Proaeureo ,  computed  witn  th*  coefficient* 
from  the  best  qu  turtle  polynomial  fit:  ( s«o  T^bln  HX)  . 
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deviations  obtained  for  temperatures  above  30®C  in  Tables  II 
and  III,  we  feel  that  the  high  temperature  data  are  somewhat 
more  reliable . 

Finally,  for  the  purpose  of  convenience  when  highest 

accaracy  is  not  needed;,,  we  used  all  of  the  data  in  Table  II 

to  obtain  a  6th-degree-in-pressure  and  4th-degree-in-temperature 

polynomial  fit-.  Th®  coefficients  and  x.ra.s.  deviation  are 

given  in  Table  V.  The  x.m.s.  deviation  for  this  overall 

fit  xs,  of  course,  higher  than  any  of  the  constant  temperature 

fits  given  above.  Nevertheless  this  set  of  pressure-temperature 

coefficients  will  produce  velocities  which  have  a  maximum 

deviation  from  our  actual  measurements  of  less  than  0.50%. 

Among  others 

6.  Comparison  with  other  data. a  w-  Wilson  has  made  careful 


a  That  work  bore  out  the  data  published  by 

J.A.S.A.  31,  1070  (1959).  T.Litovitz  and  E.Carnevale,  J.Appl.Phys. 

016  (1955) . 


measurements  on  distilled  water  in  the  pressure  range  from 


one  to  1000  atm.  A  comparison  between  our  data  and  Wilson’s 


in  his  pressure  range  shows  agreement  to  within  0.2%.  The 
curves  in  Fig.  4  indicate  the  consistency  of  his  measurements 
with  ours,  the  data  points  reported  by  Wilson  being  plotted 


against  the  background  of  our  own  data  as  represented  by  solid 
curves  taken  from  Fig.  3.  Some  time  ago,  A.  Smith  and  A.  W. 
Lawson^  reported  careful  measurements  to  0,.2%  of  ultrasonic 


Coefficients  for  polynomial  fitting  of  velocity 


temperature*.  For  those  three  temperatures .  a  corp&nsoa 

is  directly  possible.  Figure  <  presents  th*-.r  published  cat a 
against  the  background  of  obtained  -  cut  recent  work. 

The  apparent  systematic  ano  increasir  itife-rtRce  seen 

between  our  curves  and  Smith  ar.d  Laws  or. '  r.  'iicx  data 

disappears  at  once  when  their  data  are  rec ». mulcted  to  the 

corrected  pressure  scale— i.e.,,  fixing  the  ali brat  ton  point 

for  0*C  mercury  at  7718.5  kg/cm^, rather  tr  at  1H0  xg/cn2 

as  did  almost  everyone  until  recently.  Tr  _  -  difference  of 

about  lk  in  the  pressure  scales  is  enough  explain  tne 

apparent  discrepancy  for  vi-tually  every  p.r.t  within  the 

combined  ranges  of  precision  claimed  in  bet'  experiments - 
a; 

Table  VI  shows,  core  dstailei  comparison.  T  e  velocity  corrections 
/  -as 

at  each  point  for  Smith  ar.d  Lawson's  data/* re  de  by  first  cal¬ 
culating  the  pressure  calibre iio.i  correct! or  and  then  using  - 

the  computed  values  c£  iv.'s?  i which  are  esc  -  r  t tally  independent 
of  temperature  in  this  small  range). 

It  should  be  noted  th3t  our  curves  in  i*rg.  4  run  acre  or 
l&ss  parallel,  but  if  extrapolated  to  the  r  oion  beyond  oir 
experiment  (and  indeed  beyond  the  free*- in-,  ressure)  wccli 
tend  to  join  or  cross  beyond  It), 000  kg/cmx  :  at  that  pressure, 
the  difference  of  velocities  at  50 *C  and  r;  AQ°C  is  only  a  few 
meters.  This  finding  is  in  acrosrd  with  nth  and  Law  eon's 
and  so  gives  this  part  of  our  experiment  t added  significance. 
Under  the  conditions  of  a  high-pressure  nr  a  smell  systematic 
change  in  the  ^erocpreaBure  resistance  cf  t*a  ’nanganin-wire 
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G.17 

1510 

1510 
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0.17 
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0.16 
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0.15 
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3009 

0.14 

1981 
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2234 
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2221.6 
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Velocity  Velocity 
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Velocity (n/s) 
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0.17 
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0.16 

1704 
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1858 

1854.9 

1858.4 

3000 

3.14 

2004 

1999.7 

1996.1 

4000 

0.13 

2135 

2129.6 

2122.3 

5000 

0.12 

2252 

2245.8 

2238.6 

6000 

0.11 

2356 

2349.2 

2346.2 
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pressure  gauge  at  one  temperature  would  quite  easily  cause 
the  curves  to  appear  to  cross  earlier.  x“'  But  the  temperature 

H  Smith  and  Lawson's  work  had  the  specific  aim  of  repeating 
and  extending  our  own  early  velocity  measurements  (Ref.  6  ) 
with  more  refined  .techniques.  They  found  the  numerical 
discrepancies  to  be  within  the  claimed  precision  for  both 
experiments  in  the  range  below  3,000  atm;  above  that,  the 
differences  were  larger,  but  still,  as  Smith  and  Lawson  put 
it#  “ainiscule  from  an  experimental  point  of  view,"  (Ref.  10# 
p.3S8) #  so  small  that  “any  slight  systematic  error  could 
easily  account  for  the  difference.  A  priori ,  it  would  be 
difficult  to  eey  .  .  .if  the  difference  did  not  arise  from 
comparable  errors  in  both  experiments*’  (Ref.  10,  p.355)  . 

However  it  is  of  course  not  possible  to  use  the  presumed 

first  crossing  of  the  velocity  curves  itself  to  predict 

"the  behavior  of  the  maximum  in  the  velocity  of  sound  as  a 

function  of  temperature  as  the  pressure  is  increased",  least 

of  all  that  this  temperature  decreases  with  increasing  pressure 

(Ref.  10,  p.  351) .  Neither  this  nor  any  previous  author  had 

in  fact  concluded  anything  about  the  temperatures  of  the 

velocity  maximum  at  high  pressures.  Indeed,  the  velocity  vs. 

temperature  curves  at  the  higher  pressures  are  so  flat  that 

the  actual  values  of  temperatures  at  which  the  sound  velocity 

2 

is  a  maximum  for  any  given  pressure  beyond  about  4000  kg/cm 
have  still  to  be  found  with  certainty. 
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coefficient  of  velocity *  which  for  water  is  abnormal  (i.e. 
positive)  would  become  negative  beyond  any  such  a  cross¬ 
over  point «  We  conclude  on  the  basis  of  our  recent  data 
that  by  the  criterion  of  the  sign  of  the  temperature  co¬ 
efficient  of  velocity  water  remains  an  abnormal  liquid  under 
pressure  in,  the  range  shown,  although  the  value  of  3v/3T 
tends  strongly  to  xero  at  the  higher  pressures. 

7.  Acknowledgments .  We  wish  to  acknowledg  e  the  help  of 
S.  Kao  and  M.  P.  Hagelberg  with  the  taxing  of  data,  of 
W.  Johnson  with  computations,  of  S.  Levinson  and  S'.  Roedder 
with  programming,  and  of  R.  Vedam  with  many  useful  discussions. 
Charles  Chase  was  particularly  helpful  in  the  construction 
of  equipment.  This  work  was  sponsored  in  part '  by  the  Office 
of  Naval  Research  under  contract  NR-384-r323i  We  are  happy  to 
acknowledge  this  assistance. 


vi.23.67 


DOCUMENT  CONTROL  DAT*  -RAD 


>*  +4  MU'.  Ml  .+***  « 

■  *C!-v  ft  fCey— —  wnM; 


M<p<*  MimI  4r  4 


harvard  University,  Cambridge,  Massachusetts 


■»  »w**U  r*r*~i  .  » -ff/rrf/ 
.NCMRf  NCumry  CL«*fi  C*t<C« 

Unclassified 


Ultrasonic- velocity  DMionainti  la  watir  at  Pnammi  to  10,800  kf/ga^ 


Gerald  Holtoa 


(ImAoMr 


Ml  COatAAC  f  •«  «MI«  I  fcO 

18«r{57)  -  Hoar 

k.  ■*■• 

XR384-323 


|T»  TtfTK  NO.  07  «*-'<»  |rt  ao'O#  acn 

I  2?  _ _ __ 

*r«. <••<*■*«<••»  *«»»>■?  ' 

technical  ?.»;vrrt  f-2 


•*t  c  -x*  n*r-^  *•%+*  ,  aioi  i 

iOf# 


Cn**r,~5 icitl on  No.  6 


*8  5‘|»«ltUT  8#l  •TATfMCAT 


Distribution  is  unlimited. 


1  ,jM;u«(M?asy  m«?(» 


fat.  »»OOiO«2M  AIUT*AS  I'T;*,*, 


I  Office  of  H*v*l  i<*t««rch 
i  Dftpartftent  of  »wyy  Washing toa. 


t.  aotfNaCt  '• 

Keasurerwnts  of  the  velocity  of  ultrasonic  pulses  In  tester  ere  pre¬ 
sented  for  pressures  up  to  about  10,000  kg/dr  end  fer  temperatures 
up  to  80fC.  Coefficients  obtained  from  least-squares  poly ncaiai 
fittings  of  the  data  are  also  given,  together  wi*-h  an  analysis  of 
the  reliability  and  reproducibility  of  the  experiment a.  results. 


'  7 


D  /rj 473  <PAGE,) 


N  v! 02 


kiwiv  Ctfrmms « ice I  I 


